Many theories and empirical formulae have been proposed to estimate the shear strength of 7 reinforced concrete members without transverse reinforcement. It can be noted that these 8 approaches differ not only in the resulting design expressions, but also on the governing 9 parameters and on the interpretation of the failure mechanisms and governing shear-transfer 10 actions. Also, no general consensus is yet available on the role that size and strain effects exhibit 11 on the shear strength and how should they be accounted. This paper reviews the various potential 12 shear-transfer actions in reinforced concrete beams with rectangular cross-section and discusses on 13 their role, governing parameters and the influences that the size and level of deformation may 14 exhibit on them. This is performed by means of an analytical integration of the stresses developed 15 at the critical shear crack and accounting for the member kinematics. The results according to this 16 analysis are discussed, leading to a number of conclusions. Finally, the resulting shear strength 17 criteria are compared and related to the Critical Shear Crack Theory. This comparison shows the 18 latter to be physically consistent, accounting for the governing mechanical parameters and leading 19 to a smooth transition between limit analysis and Linear Elastic Fracture Mechanics in agreement 20 to the size-effect law provided by Bažant et al. 21 22 23 1 Senior lecturer, PhD., École Polytechnique Fédérale de Lausanne, Station 18, CH-1015, Key-words: concrete structures; shear strength; aggregate interlock; residual tensile strength of 24 concrete; dowel action; arching action; Critical Shear Crack Theory; size effect; strain effect 25 26 48 3/42 nevertheless normally dominant) or the Critical Shear Crack Theory [15,16] (where the 49 development of a critical shear crack limits the capacity of the shear-transfer actions). It is 50 noticeable that, although different models account for different governing shear-carrying actions 51
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Design for shear of one-and two-way slabs without transverse reinforcement has been a topic 28 where significant efforts have been devoted in the past. For beams and girders with stirrups, 29 consistent equilibrium-based models as strut-and-tie models or stress fields can be applied [1] . 30 However, with reference to the shear strength of beams and slabs without transverse 31 reinforcement, no general agreement on the parameters and phenomena governing shear strength is 32 yet found in the scientific community. This lack of agreement is also reflected in codes of practice, 33 whose provisions for shear design are often based on empirical formulas [2, 3] . Some approaches 34 based on mechanical models consider a given shear transfer action as governing, neglecting the 35 influence of the others. For instance, for one-way slabs without transverse reinforcement, shear 36 carried by the compression chord is identified as the most significant parameter influencing the 37 shear strength by Zararis [4] . On the contrary, aggregate interlocking can be considered as the 38 governing shear transfer action explaining shear strength according to the compression field theory 39 and its derivatives [5, 6] . Also, Yang [7] acknowledges the role of aggregate interlock, whose 40 failure is triggered by the development of a delamination crack at the level of the flexural 41 reinforcement. Other approaches deal with the problem of shear strength in beams without 42 transverse reinforcement on the basis of the tensile strength after cracking (including the presence 43 of fibres in the cement matrix [8]) or based on fracture mechanics concepts [9, 10] . Some 44 interesting research lines have also been developed based on the upper-bound theorem of limit 45 analysis with some modifications accounting for the presence of concrete cracking [11, 12] . 46 Finally, other approaches account for various potential shear-transfer actions. This is for instance the approach of Tue et al. [13] and Marí et al. [14] (where the role of the compression chord is Thus, the force in the tension reinforcement varies accordingly to the bending moments of the 139 beam. Due to this reason, such actions can be referred to as beam shear-carrying actions. 140 However, shear can also be carried by assuming a constant force in the flexural reinforcement, 141 which leads to an inclined compression strut carrying shear as shown in Fig. 2e . This possibility 142 corresponds in fact to a plasticity-based stress field in concrete without tensile strength as 143 originally proposed by Drucker in 1961 [34] . Developing the full plastic strength on the basis of 144 such stress field was not found possible for slender beams without transverse reinforcement 145 [18, 15] as flexural cracks may potentially develop across the theoretical compression strut, 146 limiting its strength. However, for compact (short-span) members, the results obtained 147 according to the arching action are in agreement to observed test results [35, 36] .
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The influence of slenderness on the governing shear-carrying actions is presented in Figure 4 with 149 the help of the "Kani's valley". The arching action is governing for deep beams (beams with low 150 shear span (a)-to-effective depth (d) ratios  = a/d <  1 in Fig. 4 ) and the shear that can be carried 151 at failure (V R ) corresponds to that of the plastic strength (V pl , governed by yielding of the flexural 152 reinforcement and crushing of the concrete zone, according to Fig. 2e ). This is due to the fact that 153 for low slenderness, flexural cracks do not penetrate within the compression strut [15] . For larger 154 slenderness ( 1 << 2 ) cracks may partly penetrate within the strut. As a consequence, the plastic 155 solution overestimates the actual strength [18] (as the strength of the compression strut is limited 156 by the transfer of forces across the critical shear crack and the compression strut develops with an 157 elbow-shaped form as shown in Fig. 4a [15] ). This region (left-hand side of the Kani's valley) can 158 be investigated by using stress fields accounting for the influence of cracking on the strength of a 159 compression field [5] (compression fields experiencing a reduction of the strength for transverse 160 strains (strain effect) but no size effect, refer to [37, 38] ). For larger values of the slenderness 161 (> 2 ) the arching actions starts to develop in combination with the various beam shear-transfer 162 actions (refer to the strut-and-tie model of Fig. 4 ), that become dominant thereafter. The ratio 163 between the shear strength and the plastic strength increases in this case and gives rise to the 164 characteristic shape of the right-hand side of the Kani's valley shown in Figure 4 [18], where for 165 very high values of the slenderness, the members fail again in bending (the beam shear-carrying 166 actions offering sufficient shear strength). In this paper, the behaviour of slender members (> 2 ) 167 will be examined. 170 For slender members, the shape of the critical shear crack can be characterized according to Fig. 5a 171 that is assumed to be composed of three parts (the actual shape of this crack being subjected to bond is not possible and the strain remains constant in the reinforcement (Fig. 5c ), which increases 187 the opening of the critical shear crack with respect to a bending-based prediction of its opening [7] . 188 Thus, the rotation can be calculated on the basis of the deformation of the reinforcement at this 189 crack as:
Contributions of the shear-transfer actions in slender beams
With respect to the potential shear transfer actions, other than the contribution along the shear 192 crack (V CSC in Fig. 5d ) due to aggregate interlock and residual tensile strength, doweling action 193 (V DA in Fig. 5d ) and the contribution of the compression chord (V CC in Fig. 5d ) can also be 194 acknowledged. It is interesting to note that the kinematics (Fig. 5b As previously introduced, the top part of the critical shear crack is subjected only to an opening of 202 the crack. Its response is characterized thus by mode I in fracture and is then governed by the 203 residual tensile strength of concrete (the interaction with potential shear stresses will be neglected). 204 The force that can be transferred through the crack due to this contribution ( Fig. 2d ) can be 205 calculated for a given tension softening behaviour. In the following, a simplified constant decay of 206 the tensile strength with respect to the opening of the crack (linear law) will be assumed for 207 simplicity reasons ( Fig. 6a ):
where the area below the crack-stress curve is equal to the fracture energy G F . The integration of 210 the shear contribution can however be generalised to any other tension softening law considered. 211 The normal stresses developing at the crack can be calculated on the basis of the crack kinematics 212 ( Fig. 6b ), determining a shear strength equal to: (3) and solving the integral, the resulting shear force that can be transferred through the crack 226 results: 228 The two regimes can be identified in Figure 6e , where the shear force carried through the top part 229 of the critical shear crack is expressed as a function of . The first regime corresponds to a linear 230 decay (while the normal stresses develop through the whole depth of the crack) and is followed by 231 an hyperbola (when the normal stresses develop only for a given length of the crack). It can be 232 noted that the larger the deformation of the member (associated to larger crack widths), the lower 233 the shear strength that can be transferred through the critical shear crack. 234 Alternatively, Eq. (5) can also be formulated on the basis of other parameters that may be more 235 convenient for design. For instance, this can be done in the following manner: With these assumptions, Eq. (5) can be rewritten as:
Where k  and k  are constants depending on the material parameters and crack inclination  B . This 270 formula is plotted in Figure 6f , where the vertical axis is normalised by the factor b·d·f c  .
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The figure proportionally with the rotation ). These laws assume a linear decay on the shear and normal 283 stresses that can be transferred through aggregate interlock, with a maximum stress transferred for 13/42 perfect contact (no crack opening) and no stress transferred for a limit crack opening (w li ) where 285 no contact between the crack develops for any relative slip:
More refined laws for the maximum aggregate interlock stress developed for a given crack laws will be used in the following, but the influence of the activation phase will be discussed with 300 reference to the total amount of shear force that can be transferred through the critical shear crack. 301 By accounting for the crack shape and kinematics, the relative displacements between the lips of 302 the cracks can be obtained ( Fig. 7b ). On the basis of such displacements and the aggregate 303 interlock laws ( Fig. 7a ), the shear stresses at the critical shear crack can be determined as shown in 304 Figure 7c ,d. It can be noted that both shear and normal stresses result. It can thus be written:
Where  1 and  2 refer to the integration limits that can be calculated on the basis on the geometry 307 of the critical shear crack defined in Figure 5 as:
It can be noted that, for slender member, cracks develop in a rather vertical manner. In addition, 310 the normal stresses associated to aggregate interlock are normally significantly lower than the 311 shear stresses [44] for realistic crack kinematics. Accounting for these two arguments, the term 312 concerning the shear stresses can be considered as dominant. In the following, and for simplicity 313 reasons, only this term will be considered, although the general integration could be performed 314 reaching the same conclusions (the shear and normal stresses develop in affinity as a function of 315 the crack width according to Fig. 7a ):
Where the coefficient  accounts for the contribution of the normal stresses and the influence of 318 the angle  A . It can be noted that the actual value of the parameter  0 depends on the crack 319 kinematics (angle of the displacement vector with respect to the crack plane [44]). Although this 320 angle varies along the crack, this variation is limited and will be neglected in the following for 321 simplicity reasons (an integration accounting for this fact would not influence the results presented 322 hereafter). 323 The integration of the aggregate interlock stresses leads in this case to three potential regimes: (1) the critical shear crack (since the opening of the crack in the vertical branch exceeds the limit 328 value w li ). Integration of the shear stresses results thus in the following expression:
Where  0 refers to the maximum shear stress that can be transferred through aggregate interlock 331 ( Fig. 7a ) and  to the rotation developed at the tip of the critical shear crack. It can be noted that 332 for low values of  1 ( 1 →0), the regimes simplify to two and lead to a linear decay of the shear 333 strength followed by an hyperbolic decay:
Eqs. (12,13) are plotted in Figure 7e . For design purposes, these equations can be rewritten 336 accounting for other physical parameters more suited for design: In light of these assumptions, and considering the previous simplification of  1 →0 (the general 366 Equations could also be applied without loss of generality) Eq. (13) can be rewritten as:
Where k  and k  are constants depending on the material parameters (where k  does not 369 necessarily have the same value as for Eq. (6)). The regimes are plotted in Figure 7f . In addition, 370 another curve (dotted line) is plotted accounting for the activation of the aggregate interlock 371 stresses (as previously referred, see also Fig. 7a ). It is noticeable that Eqs. (6) and (14) tip of the delamination crack (Fig. 8b) . This leads in fact to a plastic behaviour of the dowelling 390 strength that has been confirmed experimentally, refer for instance to the works of Baumann and 391 Rüsch [25] shown in Figure 8d (specimens whose inner wedge was separated at casting by means 392 of two plastic layers to measure the dowelling action of the reinforcement). It can be noted in 393 Figure 8d that shear transfer by dowelling of the flexural reinforcement was activated for very low 394 values of transverse displacement and the force was roughly constant thereafter, giving rise to a 395 delamination crack of the longitudinal reinforcement as that presented in Figure 2b . 396 The capacity of dowelling action to transfer shear forces is limited in slender members if no 397 transverse reinforcement is available [25, 26, 27, 28 ]. Yet, its value is not necessary negligible in all 398 cases (refer to Fig. 8d ) and can be expressed in a general manner as [31]: 415 Where the reduction factor (k b ) follows a decay for increasing strains at the flexural reinforcement 416 as shown in Fig. 8e [45] . It can be noted that if Eq. (16) is introduced into Eq. (15) and the strength 417 is normalized, it results:
The strength depends thus on the level of deformation of the specimen (strain effect) and on the ). This action is governing for short-span beams although its influence is more limited for 436 slender members [36] .
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In the case of slender members, shear can be transferred at the location of the cracks by means of 438 the cantilever action ( Fig. 2a) , where the shear force is carried by the inclination of the 439 compression chord. This action is however disabled as the critical shear crack propagates in a 440 quasi-horizontal manner (Fig. 9a) leading to the kinematics shown in Figure 9b on the basis of a 441 simplified critical shear crack shape. In this situation, a contribution of the compression chord is 442 still possible provided that an inclined compression strut develops. The angle of the compression 443 strut ( CC in Fig. 9c) is governing for the amount of shear force that can be transferred by the 444 compression chord and this angle depends much on the height and location of the critical shear 445 crack (point A in Fig. 9a,b) . Developing a full-arching action ( Fig. 2e , characterized by a 446 theoretical direct strut carrying the total shear force and developing between the loading plate and 447 the support) is possible for short-span beams but it is however not possible for slender members 448 since the inclined strut would be intercepted by the critical shear crack (Fig. 9c ), refer to Figure 4 . 449 For slender members, the inclination of the compression chord is thus flatter than that 450 corresponding to the full arching action ( AA in Fig. 9c ). This results from the assumption that the 451 beam shear transfer actions in the region between the critical shear crack and the load are 452 neglected (yet they are still active in the region between the support and the critical shear crack to 453 deviate the inclined strut of the compression chord). As a consequence, the remaining shear force 454 is carried by the previously investigated shear-carrying actions, mostly by means of a strut 455 developing at an angle  CSC corresponding to aggregate interlock and concrete contribution in 456 tension if dowel action is neglected, refer to Fig. 9c . On the basis of the force diagram ( Fig. 9c) Where, in Eq. (19), the value of  AA is constant (as cot AA refers to the slenderness ratio a/z). The 461 value of  CC is also constant as it is determined by the location of point A of the crack. The value 462 of  CSC can also be assumed as roughly constant since the resultant of aggregate interlock stresses 463 is located close to point A of the crack (refer to the distribution of shear stresses in Fig. 7c ). As a 464 consequence, failures associated to such cracking pattern implies that both shear transfer actions 465 (V CC and V CSC ) are roughly proportional and the contribution of the compression chord will be 466 governed by the same parameters controlling the shear carried through the critical shear crack 467 (Eqs. (6, 14) ). It can be noted that this approach assumes that failure results from loss of resistance 468 in the critical shear crack and that the proportion of load taken by the inclined compression chord 469 is determined by the geometry and the position of the critical shear crack. (Eqs. (6,14) ), it can be noted that they are similar, with the same 487 parameters governing the shear strength and showing a similar shape. Also the limit cases (→0 488 and  →∞) are correctly reproduced for each governing regime. This holds also true for the 489 contribution of the compression chord (Eq. (19)) as previously explained. With respect to the 490 dowelling action (whose contribution can be considered as more limited), it is also dependent on 491 the same parameters (strain and size) and presents a similar dependency on them, refer to Eq. (18), 492 yet it is also influenced by the detailing rules considered (spacing, concrete cover, bar diameter). Figure 11b to the same test data of Figure 10d [15] (in double-logarithmic scale). The results show again a suitable prediction of the size effect and its limit behaviours. It can further be noted 548 that the experiments (many of them corresponding to realistic sizes and mechanical properties for 549 practical applications) are not necessarily governed by the yield criterion or the LEFM. This may 550 also be considered as an additional argument supporting the differences that may be found in the 551 governing shear-transfer actions for a given member [17] . 552 As shown in Figure 11b , size effect exhibits a significant influence on the shear strength of 553 members without transverse reinforcement. Despite this fact, it can be noted that current codes of 554 practice do not always account for its influence (as ACI 318-11 [2] ) or may propose empirical 555 expressions calibrated on the basis of limited dataset leading to inconsistent results (for instance, 556 the size effect factor of Eurocode 2 [3], which predicts no influence of size effect for very large 557 sizes). With this respect, a consistent treatment on a physical basis of size and strain effects is thus 558 considered as a need for future design codes. 
